Thioethers PhC 2 H 4 SMe, PhC 3 H 6 S i pr and MeSAllyl form substitutionally.labile monomeric adducts (p-cymene)RuCI 2 (SRR') (2a-c) upon treatment with the {(p-cymene)RuCI 2 h dim' er (p-cymene = 116-MeC6H4ipr-I,4). Pure adducts were obtained by crystallization from CH2CI2/Et20, and 2a,c as well as the bis(thioether) complex [(p-cymene)RuCI(SMedtS bF6" (3) were studied by X-ray crystall ography. The trichloro bridged diruthenium complex [(p-cymene)Ru }2(~-clhtSbF6" is formed as a byproduct in the preparation of 3 and was also crystallographically characterized . In solution, pure samples 2a-c equilibrate with free thioether and the dimeric starting complex 1. The amount of 1 present in these mixtures increases with increasing bulk of the thioether substituents. Attempts to thermally replace the cymene ligand by the dangling arene substituent of the thioether ligand of 2a,b failed . Complexes 2a-c as well as the dimethylsufide derivative 2d were studied by cyclic voltammetry and display a close to reversible (2a,c,d) or partially reversible (2b) oxidation near +0.85 V and an irreversible reduction at rather negative potential. New peaks observed after oxidation and reduction point to dissociation of the thioether ligand as the main decomposition pathway of the associated radical cations and anions.
Introduction
Half-sandwich arene complexes of ruthenium with heteroatom donor ligands such as phosphines and amines are being intensively used as catalysts for many important processes. Cationic phosphine substituted allenylidene complexes [(116-arene)CI(PR3)Ru=C=C=CAr2t have recently been identified as highly efficient catalysts for olefin metathesis, rivalling the Grubbs carbene systems [1 -6] . Simple phosphine adducts (116-arene)RuCI2(PR3) catalyze the atom transfer radical polymerization (ATRP) of olefins [7, 8] , the isomerization of allylic alcohols and the hydration of alkynes to ketones or aldehydes [9] . Amine/ amide or amine/ alkoxy complexes (11 6-arene)Ru(NH2CHRCHRL)H with E-mail address:rainer.winter@chemie.uni-regensburg.de (R .F. Winter) .
bifunctional bidentate ligands (L = 0 , NTos) are the hallmark of asymmetric hydrogen transfer hydrogenation of ketones [10] [11] [12] [13] . Cationic complexes with neutral bidentate chelate ligands have been employed in arene hydrogenation [14] , asymmetric Diels-Alder reactions [15, 16] , hydrogen transfer hydrogenations [17] , and styrene polymerization [18] , to mention only a few important applications. In contrast to arene half-sandwich complexes bearing phosphine and amine ligands, similar complexes of thioethers have only been little explored, probably because of the inherently weaker Ru-SR2 bond. Thus, studies by Dixneuf and coworkers have revealed, that thioether adducts (116-arene)RuCI 2 (S R 2 ) are labile and exist in equilibrium with their dimeric halide bridged precursors. Dicationic bis(adducts) [(116-arene)RuCI2(SR2ht are more stable but may sti ll easily exchange one of the thioether moieties for a better donor such as a phosphine [19] . Yamamoto and his coworkers have recently reported on more stable ruthenium thioether complexes with 1,3-and I ,4-dithiane ligands [20] . The use of thiacrown or mixed thiol/thiolate chelate ligands also aids to stabilize the ruthenium thioether bond [21 -23] . We here report on the synthesis and characterization of thioether adducts (p-cymene)RuCI 2 (SR 2 ) 2a-c, including structural characterization of the MeSC 2 H 4 Ph (2a) and the MeSCH r CH=CH 2 (2c) complexes, which constitute rare examples of simple thioether adducts to be investigated by this method. Also included are the X-ray structures of the bis(thioether) complex [(p-cymene)RuCI(SMe2)2tS bF6" (3) and of [(p-cymene)Ru} 2CI3tSbF6" (4) . The latter was formed as a by-product in the preparation of compound 3. Redox potentials for the Ru(II/III) oxidations and of the irreversible reductions of these complexes were determined by cyclic voltammetry. Some hints as to the degradation pathway of the associated radical cations and anions were obtained from a comparison of their voltammograms with those of 1.
Results and discussion
The monothioether complexes 2a-c were prepared by reacting dimeric {(p-cymene)RuCI2lz (1) in dichloromethane with a slight excess (ca. 1.5 equiv.) of the corresponding thioether (see Chart I) . The new arylalkyl substituted thioethers, isopropyl(3-phenylpropyl)sulfide, PhC 3 H 6 S i pr, and methyl(2-phenylethyl)sulfide, PhC 2 H 4 SMe, were pre-. pared according to established procedures via nucleophilic substitution of bromide or iodide by the respective thiolate. Pure thioether complexes could be obtained as orange-red crystals (2a,c) or microcrystals (2b) by recrystallization from dichloromethane/ether mixtures. Simple thioether adducts (T]6-arene)RuCI2(SRR') are reportedly labile in solution and exist in equilibrium with the dichloro bridged precursor 1 and free thioether [19] . Ligand dissociation from complexes 2 is readily observed by NMR spectros---<@-< 0D , where 1 remains dissolved. For every thioether complex, the resonance signals of the alkyl substituents neighbouring the S atom are broadened due to sulfur inversion [24] .
Recent work on similar (T]6-arene)dichloro complexes bearing arylalkyl substituted phosphines with flexible alkyl spacers has disclosed, that, upon thermal treatment, the coordinated arene is readily replaced by a dangling aryl substituent [3, [25] [26] [27] . This reaction provides an easy access to tethered complexes where the phosphine substituted arene serves as an eight electron donor chelate ligand. Some of these complexes display reactivities that markedly differ from those of their non-tethered analogs [28, 29] . In contrast, no such arene substitution was observed for complexes 2a,b even in hot chlorobenzene.
--<@-< (19) . In the course of our work we also prepared the cationic p-cymene bis( dimethylthioether) complex 3 as its SbF6" salt. In our hands, under the conditions reported by Dixneuf, this complex was obtained along with small quantities of the trichloro bridged bis(arene) complex [{(p-cymene)Ruh(Il-Ch)tSbF6" (4) . Crystallization from ethanol resulted in the crystallization of both 3 and 4. Crystals of 3 and 4 could be separated based on their different shapes -orange diamond-shaped crystals for 3, orange rods for 4. The structures of both complexes were determined by X-ray diffraction as it will be discussed in the following section.
The reaction ofthioether and bis(thioether) chloro ruthenium complexes with terminal alkynes in methanol was reported to give methoxycarbenes [(1l6-arene)CI(SMe2)-Ru=C(OMe)CH 2 Pht, most probably via vinylidene intermediates [19] . In trying to access similar half-sandwich ruthenium allenylidene or vinylidene derivatives with thioetim ligands, 2a,c and [(p-cymene)RuCI(SMe2ht (3) were reacted with I, l-diphenyl-prop-2-yn-I-ol, 2-phenylbutynol, 2-methylbutynol or AgSbF Jl, l-diphenyl-prop-2-yn-I-ol in dichloromethane or methanol. These reactions either did not proceed at all (3) or led to the formation of dark orange, oily unidentified mixtures. The absence of any allenylidene or vinylidene IR bands in these mixtures points to the fact that such complexes, if formed at all, are too unstable to allow for their isolation . Tables I and 2 while Table 3 Ru-S bonds are observed in arene half-sandwich complexes where the thioether moiety is part of a macrocycle [22] or a mixed thioether thiolate chelate ligand [21, 22) . (1/2,0, I) , respectively) and are thus related by an inversion centre. Thermal ellipsoids are drawn at a 50% probability level. A) [31] , and (p-cymene)RuCI 2 (1 ,3-dithiane) (2.389(5) and 2.406(4) A) [20) . The Ru-C(~ymene) bond lengths vary from 2.149(3) A to 2.215(3) A. In 2a, the longest Ru-C bond involves the methyl substituted carbon atom C2 as it is observed for many cymene ruthenium complexes, while this is not the case for 2c. The arene rings display a distinct C-C bond length alternation, and the aver~ge values of the long and short bonds differ by 0.02 A. Essentially the same pattern is also observed for the bis(thioether) complex 3 and for one of the cymene ligands of the trichloro bridged dimer 4 (vide infra). The structure of the complex cation of 3 (see Fig. 3 ) resembles that of 2a,c in all its main structural characteristics i.e. its three legged piano stool geometry with three essentially equally long legs. When comparing the structures of 2a,c and of 3, a small yet significant decrease in Ru-S bond lengths to 2.3833(7) and 2.3881 (7) A and of the RuCI bond length to 2.3944 (7) A is observed. Similar values were observed for [(p-cymene)RuCI( 11 1: 111 -1, 4-dithianeWPFG" [20] . This may be ascribed to the overall positive charge of the complex resulting in a stronger attraction between the metal atom and the electron-rich donor ligands and slightly shorter bond lengths. In contrast, the Ru-C bonds become slightly longer and their arene ligand. While the methyl groups on SI are in an exoposition with the methyl groups pointing away from the cymene ligand the opposite is true for the second thioether ligand associated with S2.
The structure of the dinuclear complex 4 is shown in Fig. 3 . A view of the unit cell may be found as Fig. 1 of the Supplementary material. The complex cation adopts the familiar structure of two face-sharing octahedra with the arene ligands and the three chlorine atoms as the opposite faces . This motif is highly common of complexes of the general composition [L3M(Il-L'hML3]"+ and has ample precedence in arene ruthenium chemistry [32] . Individual arene and CI 3 planes are nearly parallel to each other with angles between their normals of 2.69° (Arenel -CI 3 ), 0.28° (Arene2-CI 3 ) and 2.87° (Arenel -Arene2), where Arenel and Arene2 denote the arene ligands bonded to atoms Rul and Ru2, respectively. The metal atoms are slightly shifted off-centre toward the common CI 3 face of the bisoctahedron. Thus, the Ru-CI3 distances amount to 1.640 A (Ru I-C I J ) and 1.644 A (Ru2-CI J ) while the Ru atoms are 1.647 A (Rul) and 1.651 A (Ru2) away from the corresponding arene planes. Ru-CI distances range from 2.4238( 12) to 2.4341 (II) A and are thus slightly longer than typical bonds to terminal chloride ligands as in complexes 2 or 3. The Ru-CI distances in 4 also match well with the literature data of other complexes of the type [{(1l6-arene)Ru12(Il-Clht where arene is C 6 H 6 , toluene [33] , C6Me6 [34] , or ethoxybenzene [35] , and with the bis(p-cymene) complex [{(p-cymene)Ru}2(Il-CIU +BPh;;- [36] . Owing to restrictions imposed by face-shari;lg, the CI-Ru-CI angles lie in a narrow range from 79.14 (5) The related complexes [{(116-C6H6)RuLcI3tBF;;-and [{(1l6-C6H5Me)Ru} 2cht BF;;-display interesting intermolecu lar interactions based on short CH· · ·CI and CH· ··F contacts between arene CH and the bridging chloride ligands or the F-atoms of the BF;;-counterions [33] . In 4, the ipr and the methyl substituents on the arene induce much larger anion/cation separations and prevent the formation of such a hydrogen bonding network (see Fig. I of the Supplementary material). All CH · · ·Cl contacts are longer than 2.93 A and are thus, at best, only slightly shorter than the sum of the van der Waals radii. The same holds for possible interion hydrogen bonded contacts to the SbF 6 counterion. Two notable exceptions are the short CH-. ·F contacts between atoms F2 and the hydrogen atom attached to CI7 (2.440 A) and atoms F4 and the hydrogen atom at C7 (2.469 A). All other CH· . ·F distances are identical to or larger than the sum of the van der Waals radii (2.55 A).
Electrochemistry
The thioether complexes 2a--c, known (p-cymene)RuCI 2 -(SMe2) (2d), and the bis(thioether) adduct 3 (see Chart I) were studied by cyclic voltammetry. Relevant data are compiled in Table 4 . Figs. 5 and 6 display voltammograms recorded for complexes 2b and 2c as a representative examples.
All complexes undergo one partially to nearly reversible oxidation and one chemically completely irreversible reduction within the potential window of the CH 2 CI:J NBu4PF6 supporting electrolyte. The one-electron nature of these waves was ascertained from peak potential separations and peak currents that resemble those of the internal ferrocene standard present at equimolar concentration (cyclic voltammetry), as well as peak half-widths (square wave voltammetry) that correspond to the values expected for this stoichiometry and from nearly identical peak currents associated with the oxidation and the reduction processes. At sweep rates of about I V /s or larger, peak-to-peak separations of the ruthenium complexes are notably larger than those of the internal ferrocene standard, pointing to slightly lower electron transfer kinetics for the ruthenium complexes. Chemical processes fo ll owing oxidation could be fully suppressed by applying higher sweep rates or lowering the temperature, and full chemical reversibility was attained at 195 K in each case. Reduction, however, remained a completely irreversible process. The mono(thioether) complexes undergo oxidation at potentials near 0.85 V whereas the cationic bis(thioether) derivative 3 is much harder to oxidize and gives an EI/2 of + 1.44 V. The oxidation potentials of 2a--c and of the related SMe2 derived complex 2d are by about 100 mV higher than those of similar phosphine derivatives [26, [37] [38] [39] , and this signals that SR 2 ligands are inferior electron donors compared to phosphines. A similar anodic shift is seen for the reduction peak potential of 3 compared to 2a-c. The strong influence of the complex charge on the oxidation and reduction potentials indicates that both processes are centred on the metal rather than at a ligand as it is common for half-sandwich ruthenium complexes. Irreversibility of the reduction step usually arises from ligand dissociation from a reactive Ru(J) species [40] . When the scan is reversed following reduction a new anodic peak appears. This feature is common to every thioether complex 2a-d and has a peak potential of -0.58 V (see Figs. 5 and 6) . A similar feature with exactly the same peak potential is observed on the anodic reverse scan following the reduction of ((p-cymene)RuCI 2 12 (1). This latter feature has been assigned as arising from {(p-cymene)RuCI b which in turn results from 1 by a sequence of reduction and chloride dissociation steps [40] . Such a coincidence may be fortuitous, but the formation of a common product from the reduction of thioether complexes 2a-d still suggests that decomposition of the reduced forms involves dissociation of the SRR' ligand. Voltammograms of 2a-c (see Fig. 5 ) also displayed a distinct reduction peak at -1.37 V. This peak was identified as arising from the reduction of ((p-cymene)RuClzb (1), by comparison with an authentic sample (see Fig. 2 of the Supplementary material) and by comparing voltammograms before and after addition of small amounts of t to the solutions of 2a-d. Relative amounts of 2a-d and 1 present in the equilibrated electrolyte solution were estimated as 11: I, 5:2, 7: I, and 12: I by comparing the peak currents of the partially reversible oxidation of 2a-d and of the reduction peak of 1 in good agreement with the ratios determined by NMR spectroscopy. As it is shown in Figs. 5 and 6, the peak at -1.37 V of 1 present in the equilibrated solutions is enhanced when the partially reversible oxidation is scanned first. Thioether dissociation thus also constitutes a likely degradation pathway for the [(p-cymene)RuC 2 (SRR')t radical cations formed during the oxidation step. This is also in line with the observation that complex 2b with PhC 3 H 6 S i pr as the sterically most demanding and most weakly coordinated thioether gives the least stable radical cation, i.e. the one with the smallest ip,Jip,a peak current ratio of the thioether complexes under study here.
When increasing quantities of 1 were added to a solution of bis(thioether) complex 3 the disappearance of the original waves of 3 and the appearance of a new, partially reversible couple at considerably lower oxidation potential of +0.83 V was observed (Fig. 7) . After addition of about half an equivalent of 1 this new couple constituted the prominent feature in the anodic regime. The product formed under these conditions was readily identified as the known mono(thioether) complex (p-cymene)RuCI 2 -(SMe2) (2d) by comparison with authentic material which was independently synthesized [19] . We also verified clean formation of 2d when 1 and 3 were combined in an NMR tube and charged with CD 2 CI 2 . This reaction provides another instance of the ready exchange of one SMe2 ligand from bis(thioether) complex 3.
Experimental
NMR spectra were recorded on a Bruker AC 250 instrument at 303 K . The spectra were referenced to the residual protonated solvent eH) or the solvent signal itself (13C) . For complexes 2a-d and 3 the assignment of I3C NMR spectra was aided by a DEPT-135 measurement. UV-Vis experiments were performed on an Omega 10 spectrometer by Bruins Instruments in HELMA quartz cuvettes whith I cm optica l path lengths. Elemental analysis (C, H, N) was performed at in-house facilities. Voltammograms were recorded on an EG&G 273 or a BAS CV50 potentiostat in a home-built vacuum tight one-compartment cell using Pt or glassy carbon disk electrodes from BAS. {(p-cymene)RuCI 2 12 (1) was prepared according to reference [41] .
The new thioethers PhC 2 H 4 SMe and PhC 3 H 6 S i pr were prepared from phenylethanthiol and methyl iodide or from ipropylthiol and 3-phenylpropylbromide following an established li terature method [42] 
Synthesis of (p-cymene) RUC/ 2 (Ph C 2 H 4 SMe) (2(1)
A Schlenk tube was charged with 0.300 g (0.49 mmo l) of ((p-cymene)RuCI 2 12 and a 223111 of PhC 2 H 4 SMe and the mixture stirred at room temperature overnight in 4 ml of CH 2 CI 2 . The solvent was evaporated and the crude product was washed with 2 x 5ml of Et 2 0. The orange powder obtained after drying in vacuo was dissolved in 3 ml CH 2 CIz, cautiously layered with the same quantity of Et20 and left to cool in a refrigerator. 
[(p-Cymene)RuCMSMeC 3 H 5 )RuCI 2 (2c)
[( (p-Cymene)RuCI2h] (0.1 20 g, 0.196 mmol) was dissolved in 6 ml of CH 2 CI 2 and 52 III (0.591 mmol) of SMeC3HS was added dropwise. The reaction mixture was stirred for 12 h at room temperature. The solvent was evaporated from the dark orange solution. The dry residue was washed with 3 x 4 ml of Et 2 0 and the Et 2 0 removed in vacuo. The resulting orange powder was dissolved in 3 ml of CH 2 CI 2 and layered with 3 ml of ether. After 3 days orange crystals were obtained. Yield 74.4% (0.115 g, 0.294 mmol). IH NMR (COCI3): c5(ppm) = 1. 24 6 and 190 III (2.61 mmol) of dimethyl sulfide were stirred with 8 ml of MeOH for two days at room temperature. The resulting yellow mixture was evapo rated to dryness and the residue was dissolved in 4 ml of CH 2 CI 2 . The solution was then filtered and the orange filtrate layered with 15 ml of Et20. Orange crystals of 3 along with a small quantity of 4 formed upon slow diffusion of ether and were isolated by decantation of the solvent, dried in vacuo and then manually separated (3: orange diamonds,thioether ligand was modeled with split posItIOns (s.o.f. = 0.667/0.333 for CI4/CI4a) and DFIX constraints for the CI3-CI4, and C13-C14a distances. Anisotropic thermal parameters were included for all non-hydrogen atoms with the exception of the two disordered carbon atoms. H atoms were placed geometrically and refined using a riding model, including free rotation of methyl groups and variable isotropic displacement parameters.
Final R values are listed in Table 3 . Important bond parameters are given in Tables I and 2. 
